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Abstract
Tetracycline resistance genes are common in the human oral cavity. However, a complete understanding of tetracycline resistance and
the vectors responsible for spread of resistance requires that we understand the contribution of organisms that cannot be cultivated in
the laboratory. To do this, metagenomic approaches have been applied and this has allowed the isolation of novel tetracycline resistance
genes and mobile genetic elements.
Keywords: Conjugative transposon, metagenome, tet(32), tet(37), TRACA
Original Submission: 23 November 2011; Revised Submission: 23 January 2012; Accepted: 30 January 2012
Editors: A. Moya, Rafael Canto´n, and D. Raoult
Clin Microbiol Infect 2012; 18 (Suppl. 4): 58–61
Corresponding author: P. Mullany, University College Eastman
Dental Institute, 256 Gray s Inn Road London WC1X 8LD UK
E-mail: p.mullany@ucl.ac.uk
Current address: P J. Warburton Department of Life Sciences
Faculty of Science and Technology Anglia Ruskin University East Road
CAMBRIDGE CB1 1PT UK
Introduction
Tetracycline resistance genes have been found in the oral cav-
ity. The presence of these genes has limited the use of tetra-
cycline as a therapeutic option for treating oral and systemic
diseases. Furthermore, tetracycline resistance genes are often
contained within mobile genetic elements frequently linked to
other resistance genes. In this paper we summarize our work
using both conventional microbiological and metagenomic
approaches to understand the properties of tetracycline
resistance genes and their cognate mobile genetic elements in
the oral cavity.
Isolation of tetracycline resistance genes
from metagenomic DNA
Until recently one of the major limitations of studying any
ecological niche has been the inability to determine the con-
tribution of the non-cultivable ﬂora. In the oral cavity,
approximately half of the organisms cannot be cultivated.
Gene libraries have been made from oral metagenomic
DNA and the following tet genes were isolated from
the libraries: tet(M), tet(O), tet(Q), tet(W) tet(32) and tet(A)
[1–5].
tet(37)
A novel tetracycline resistance gene was isolated from a
functional screen of an oral metagenomic library, isolated
from plaque and saliva from healthy volunteers [1].
Hybridization and DNA sequence analysis showed that this
gene did not have any homology to previously identiﬁed tet-
racycline resistance genes. Further investigation of the clone
containing this gene showed that it also was capable of
inactivating tetracycline: this was measured by incubating cell
extract with tetracycline and NADPH and observing a
decrease in absorption at 350 nm of the tetracycline peak.
Furthermore, tet(37)- containing Escherichia coli cells could
detoxify tetracycline in the presence of NADPH, allowing
the growth of tetracycline-sensitive bacteria in the same cul-
ture (see [1] for more details). The DNA sequence showed
that the clone could produce a protein that was related to
oxidoreductase from Fusobacterium nucleatum (47% identity).
The ability to inactivate tetracycline is also seen with the
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tet(X) gene product from Bacteroides sp.; however, there is
no similarity with the deduced amino acid sequence of
Tet(X) [1].
Analysis of tet(32) from oral organisms
A fragment of the tet(32) gene was originally identiﬁed in the
colonic anaerobe K10 [7] but was subsequently reported to
be a mosaic, tet(O/32/0)[11]. We have subsequently isolated
tet(32) containing bacteria from the oral cavity [5]. The gene
was identiﬁed in Streptococcus salivarius FStet12, taken from a
Finnish volunteer, and has subsequently been found in two
further oral isolates, Eubacterium saburreum 41.2T.2 and
Streptococcus parasanguinis 41.1T [5]. Furthermore, a tet(32)
gene was also cloned from oral metagenomic DNA using the
pCC1BAC vector and was shown to express resistance in
E. coli (designated ES2-K21 in Fig. 1). The sequence of all
these genes and the ﬂanking regions was obtained (Fig. 1).
The sequences ﬂanking tet(32) in 41.2T.2 and FStet12 are
identical, suggesting that tet(32) may be contained on a
region of mobile DNA. The ﬂanking regions in 41.1T and
ES2-K21 shared 99% nucleotide identity over the majority of
the sequence, diverging at 1164 bp upstream of tet(32)
(Fig. 1). The region immediately ﬂanking tet(32) is conserved
in all four strains, suggesting a possible core structure
surrounding the gene. Interestingly the sequence upstream of
tet(32) shares 95% nucleotide identity with the region
upstream of tet(W) in the TnB1230 and ATE-3 elements
(Fig. 1).
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FIG. 1.Organization of the regions ﬂanking tet(32) (see text for more details). Open reading frames are shown by arrows; conserved regions
have the same shading. A line with dots shows a region not present in FStet12/41.2T.2. TnB1230 is from Butyrivibrio ﬁbrisolvens, 41.2T.2 is a
Eubacterium saburreum strain, FStet12 is a Streptococcus salivarius strain, ES2-K21 is from a BAC clone from metagenomic DNA from the oral cav-
ity, 41.1T is from a strain of Streptococcus parasanguinis and ATE-3 is from an Arcanobacterium pyogenes strain. More details regarding the proper-
ties of these strains can be found in [5, 6].
TABLE 1. Methods use to isolate novel genetic elements from metagenomic DNA
Technique Uses Advantages/disadvantages
TRACA Isolation of circular DNA
from metagenomes
Advantages: no knowledge about the properties of the circular DNA is required; novel genetic elements that
cannot be isolated using other techniques can be isolated
Disadvantages: there appears to be a limit to the size of the element that can be isolated, although in theory
this could be overcome by using different host/vector systems
Functional
screening
Has been used to isolate novel
tetracycline resistance genes
Advantages: completely novel resistance genes can be isolated
Disadvantages: there is a requirement for expression in the heterologous host
Screening by
hybridization
Allows isolation of novel genetic
elements linked to known genes
Advantages: large genetic elements can be isolated; there is no requirement for gene expression in the
surrogate host
Disadvantages: the hybridization screening is based on using probes to known sequences so novel elements
will be missed
CMI Mullany et al. Tetracycline resistance genes and mobile genetic elements 59
ª2012 The Authors
Clinical Microbiology and Infection ª2012 European Society of Clinical Microbiology and Infectious Diseases, CMI, 18 (Suppl. 4), 58–61
Isolation of bacterial extra-chromosomal
metagenomic DNA using transposon-aided
capture (TRACA)
The method used was adapted from a method originally pub-
lished by Jones and Marchesi [8]. The metagenomic DNA
was prepared from supragingival and subgingival plaque sam-
ples [9]. The technique relies on using a plasmid origin of
replication which is contained on a Tn5 derivative. Circular
molecules are enriched from metagenomic DNA by treat-
ment with plasmid-safe DNase which preferentially
degrades genomic DNA and subjected to an in vitro transpo-
sition reaction. This results in an origin of replication, func-
tional in E. coli, being transposed to the circular molecule.
The resultant mixture is transformed into E. coli and selec-
tion made for a transposon-encoded antibiotic resistance
marker. Thirty-three different plasmids were isolated in the
ﬁrst set of experiments with oral metagenomic DNA, rang-
ing in size from 1.5 to 7.5 kb. All but one of these plasmids
contained a sequence with similarity to a plasmid origin of
replication showing that the technique is capable of isolating
plasmids from metagenomic DNA. The remaining plasmid
contained an open reading frame with the potential to
encode an integrase. These proteins promote the integration
and excision of mobile genetic elements from genomes. Such
elements frequently go through a circular intermediate phase
which is expected to be isolated by the TRACA approach, as
we have shown here [9].
Identiﬁcation of integrative genetic
elements from the human oral
metagenome
All integrative mobile genetic elements need a method of
getting into and out of genomes. To do this, they commonly
use integrases which are encoded by the element itself.
There are two general classes of integrase, the tyrosine- and
serine-based recombinases. These names refer to the amino
acids that act as active site nucleophiles during DNA break-
age. The tyrosine recombinases typically require an accessory
protein, Xis, for deciding the directionality of the recombina-
tion reaction (integration vs excision) whereas the serine
recombinases do not normally require any obvious co-
factors (reviewed in [10]). Integrases have been found associ-
ated with conjugative transposons, virulence islands,
integrons, plasmids, bacteriophages and other important
genetic elements. In order to discover new integrative ele-
ments, we aligned all known recombinase genes, designed
PCR primers based on conserved regions and used these to
amplify recombinase gene fragments from metagenomic
DNA; the resulting amplicons were sequenced and used as
probes to hybridize integrase genes associated with these
novel mobile elements.
The probes are being used to screen bacterial artiﬁcial
chromosome BAC libraries of oral metagenomic DNA grid-
ded out onto macroarrays. So far, four hybridizing clones
have been positively identiﬁed, containing either a Tn916-like
or a CTnDOT-like integrase. The complete sequence of
BAC clones is currently being obtained and further positive
clones are being isolated and sequenced. The different meth-
ods for isolating novel genetic elements from metagenomic
DNA are summarised in table 1.
Concluding remarks
The work described here shows that tetracycline resistance
genes can spread between oral and non-oral bacteria
although the exact mechanism is not clear. The TRACA
approach has allowed the isolation of novel plasmids, and the
screening of metagenomic libraries with integrase probes is
leading to the isolation of novel integrative elements that
would not be isolated by other approaches. Taken together,
this work is allowing a deeper understanding of the contribu-
tion of mobile genetic elements to the bacterial gene pool.
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